Purpose: Fixational eye movements are necessary for maintaining normal vision by preventing a stabilized image on the retina that would result in visual fading. The movements can be divided into tremor, drifts and saccades that may be related to movements of gaze and to fixation. It has previously been shown that the frequency of fixational saccades with an amplitude larger than 3°depends on age. The purpose of this study was to investigate whether other parameters describing fixational saccades also depend on age which necessitates age correction in studies of fixation during visual development. Methods: Fixational eye movements were recorded in 36 normal children aged 5-16 years. Parameters describing fixational saccades were characterized using a standardized algorithm and were correlated with age. Results: There was a significant linear relation between the amplitude and duration of fixational saccades (r 2 = 0.37, p < 0.0001). The relation between the number of saccadic movements and the amplitude was unimodal and showed no correlation with age. However, the number of saccades per examination with an amplitude larger than 1°showed a negative correlation with age (r 2 = 0.23, p = 0.003). Conclusions: The overall frequency and amplitude of fixational saccades show no correlation with age that necessitates correction in clinical studies of visual development. The decreasing frequency of large saccadic eye movements with increasing child age may be due to improved attention.
Introduction
Fixational eye movements may have several purposes such as to keep the image of interest close to the fovea and to prevent a stabilization of the image on the retina that would result in visual fading (Ditchburn & Ginsborg 1952; Riggs et al. 1953; Martinez-Conde et al. 2013) . The capacity to fixate depends on the visual acuity (Adler & Fliegelman 1934) , and therefore, impaired visual development may be accompanied with changes in fixation.
Fixational eye movements can be divided into tremors which are highfrequency movements with a small amplitude considered as noise in the oculomotor system, and drifts which are low-frequency movements with large amplitude assumed to restore fixation after a deviant movement (Ditchburn & Ginsborg 1953) . Finally, saccades are high-frequency movements with either small amplitude used for fixation or large amplitude used to change the direction of the gaze (Martinez-Conde et al. 2009 ). There is no unanimous agreement on how to distinguish the different types of fixational eye movements (Otero-Millan et al. 2014 ), but fixational saccades can be defined as rapid step-like shifts in eye position with amplitudes in the shorter end of a continuum of movements (Hafed 2011; Port et al. 2015) .
A previous study of eye movements during fixation in children showed a significant decrease with age in the number of movements with an amplitude larger than 3° (Aring et al. 2007 ), suggesting a need for age correction in studies of fixational eye movements in children. Therefore, the purpose of this study was to establish and validate a technique for automatic analysis of fixational saccade movements in clinical practice and to study age-related changes in these parameters among normal children.
Therefore, fixational eye movements were recorded in 36 normal children aged 5-16 years. Parameters describing fixational saccades were characterized using a standardized algorithm and were correlated with age.
Subjects and Methods

Participants
Thirty-six children (19 boys and 17 girls, mean age = 9.8 years, range 5-16 years) of employees of the Department of Ophthalmology, Aarhus University Hospital, with no known ocular, neurological or systemic disease were studied. All children and their parents gave their informed consent to participate, all individuals were able to understand and follow the instructions for the procedures, and the study was approved by the Regional Committee for Scientific Ethics.
Examination
The examination was performed in a quiet room and included visual acuity measurement and the recording of fixational eye movements which altogether lasted approximately 15 min.
Visual acuity
In all children, monocular visual acuity and binocular visual acuity (VA) were measured without refractive correction at three metre distance using Øster-berg's visual acuity chart. All children had a visual acuity of 1.0 or better in each eye.
Equipment
The examinations were carried out using the video-based eye-tracking system iView X TM High-Speed, version 2.7.09 (Senso Motoric Instruments, Berlin, Germany). The system consisted of a head rest for the patient and an infrared sensitive video camera mounted to image the patient's eye from the front above. A cluster of twenty infrared light-emitting diodes (LED) placed on the side of the video camera were used to illuminate the eye for video recording of the pupil plane and a point reflection from the cornea.
Fixation targets were presented on a stimulus screen located 58 cm in front of the eye using the software program Experiment Center TM version 2.3 (Senso Motoric Instruments). The screen consisted of 1280 9 1024 pixels corresponding to a visual angle of 45°h orizontally and 29°vertically.
Preparation
The child was positioned comfortably in a chair with the head supported by the chin and forehead rests, and adjusted so that the eyes were aligned with the centre of the screen and the camera showed a clear image of the pupil and the corneal reflection. The child was informed to fixate the targets successively presented on the stimulus screen with both eyes and to keep the head steady during the measurements. The examination consisted of a calibration procedure and the recording of fixational eye movements from the child's left eye.
Calibration
The system was calibrated according to the manufacturer's guidelines using the software program Experiment Center TM version 2.3 (Senso Motoric Instruments). The child was asked to fixate a black dot (diameter 0.9 cm) on the stimulus screen successively presented in each of the thirteen points located in the corners and the centre of 2 9 2 rectangles with sides of 576 9 461 pixels corresponding to 20°9 13°. In each point, the computer software determined the position of the corneal reflection from the centre of the pupil before continuing to the following point, and the total grid of points was subsequently used as a reference pattern for the following recording of eye positions in this person.
Recording of fixational eye movements
The child was instructed to fixate the centre of a black cross subtending a visual angle of 0.9°in the centre of the stimulus screen for 30 seconds, during which the corneal reflex and the pupil were video-recorded with a sampling frequency of 500 images per second. After a resting period of 10 seconds, the procedure was repeated to assess test-retest variability. A pilot study had shown that fixational saccades with an amplitude <1°c ould be detected with a mean frequency of 3.8 Hz, range: 0.9-7.0 Hz in children between 5 and 15 years of age. Therefore, it could be calculated that with a power of more than 80% and a significance level of 5%, at least thirty children should be enrolled to identify a reduction of 7% in the frequency of fixational saccades per year (Ditchburn & Ginsborg 1953) .
Data analysis
Validation of data
The proportion of missing values due to blinks and erratic eye movements was calculated in order to assess the quality of the examination, and the coefficient of variation (SD/mean) of the unfiltered signal was calculated to assess the signal-to-noise ratio.
Recording of eye positions
Based on the calibration procedure, the apparatus automatically transformed the relative position of the corneal reflex and the pupil centre in each frame of the video recording to pixel co-ordinates (x, y) on the stimulus screen which were stored in a file for the subsequent analysis. According to the manufacturer, the minimum angle of resolution was <0.01°.
Identification of fixational saccades
A special software program was developed (in C++ using the QT FRAMEWORK, open source) that allowed the user to define the variables for the calculation of saccadic movements. On the basis of previously established principles (Møl-ler et al. 2002; Engbert & Kliegl 2003; Bettenb€ uhl et al. 2010) , the following analysis steps were followed: 1) Each eye position (x, y) in pixels was converted to degrees on the basis of the visual angle (one pixel corresponding to 0.035°horizontally and 0.028 vertically), and the eye positions on each video frame (x t , y t ) and the following frame (x t+1 , y t+1 ) together with the duration (d) between frame shifts (1/500 seconds) were used to calculate the angular velocity (v) in degrees using the following formula:
2) High-frequency noise was filtered out by applying a moving average algorithm to the velocities with a window consisting of a predefined number (f = 3 data points) of successive frame shifts (Engbert & Kliegl 2003) .
3) The high-frequency velocity-filtered frames were considered to be a potential part of a fixational saccade if the velocity in a single frame was (1) faster than s 1 = 25 degrees/second (0.05 degrees/frame) in order to exclude drifts (Møller et al. 2002) , and (2) slower than s 2 = 150 degrees/second (0.3 degrees/frame) in order to exclude movements during blinks and changes in gaze (Martinez-Conde et al. 2009; Nystr€ om et al. 2014) . Potential fixational saccades were identified by sampling successive frames with a velocity within this range until the occurrence of the first frame in which the velocity was slower. As this could represent a slowing due to a slight change in direction of the saccade, it was tested whether the movement in one of the following ten frames had regained a velocity within the range, and sampling was continued to include the last in the following series of such frames. Otherwise, the sampling was discontinued after the last frame in the initial series of within-velocity frames. 4) Among the potential fixation saccades, movements were selected with a duration of more than 5 (0.01 seconds) but less than 25 (0.05 seconds) frames (Engbert 2006; Shi et al. 2012 ) to exclude movements in gaze (Engbert & Kliegl 2003; Martinez-Conde et al. 2004 ). 5) Movements that, after having reached the end of a potential saccade, showed a change in direction (backshoot) of at least (b = 100°), followed by position shifts in this new direction lasting at least three frames, were defined as saccades. To avoid the detection of the backshoot as a new saccade, the minimal intersaccadic interval was set to 40 mseconds (Shi et al. 2012 ).
6) The amplitude (A) of the saccade was defined as the magnitude of the movement from the start of a saccade to the change in direction at the beginning of the backshoot. The program continuously plotted the eye movements in the x-and ydirection on a computer screen (Fig. 1) highlighting detected saccades, the co-ordinates of which were saved in a text file for the further analysis. A twodimensional plot of fixational saccades identified from an examination is shown in Fig. 2 .
Analysis of saccades
In the data set from each child, the program was set to count the number of saccades with (1) amplitudes within 0.05°intervals from zero and until all saccades had been included, and (2) amplitudes larger than 1°and amplitudes larger than 3°. These numbers were plotted as a function of the median amplitude of the interval, and the plot was in GraphPad Prism version 6.05 (GraphPad Software, Inc, La Jolla, USA) fitted to a biexponential function using the formula:
An example is shown in Fig. 3 . The amplitude and number defining the maximum of this curve as well as the area under the curve (AUC) were calculated to fully describe the variables of the curve.
Statistical analysis
Student's paired t-test was used to compare the detected number of saccades between the two repeated examinations from each child, and simple linear regression was used to correlate age with the measured variables of the detected saccades.
Results
There was no significant difference between the number of saccades detected from the duplicate recordings from each child (p = 0.99, CI: À0.306; 0.309, Student's t-test). The proportion of values missing due to blinks and fixation losses was 0.02 AE 0.0.2% (mean AE SD), and the coefficient of variation on unfiltered data was 0.25 AE 0.19 (mean AE SD), and none of these measures showed any correlation with age (r 2 = 0.04, p = 0.22 and r 2 = 0.003, p = 0.76, respectively). The total number of saccades per examination was 115.5 AE 71.3 (mean AE SD), range 14-276, which amounted to a total of 8315 saccades during the duplicate recordings from all 36 children, and there was a significant linear relation between the amplitude and duration of these saccades (r 2 = 0.37, p < 0.0001). The maximum of the curve describing the relation between number and amplitude corresponded to as 16.1 AE 32.1 (mean AE SD), range 0-175, which amounted to a total of 1161 saccades from the duplicate recordings from all examinations. There was a significant correlation between (r 2 = 017, p = 0.01) the number of these saccades and age (not shown).
The number per examination of saccades with an amplitude larger than 3°was 10.2 AE 16.0 (mean AE SD), range 0-101, which amounted to a total of 732 saccades from the duplicate recordings from all examinations. There was also a significant negative correlation (r 2 = 0.23, p = 0.003) between the number of these larger saccades and age (not shown).
Discussion
The present study describes an algorithm for automatic analysis of changes in fixational saccades with the special purpose of studying fixation during visual development. The study extends previous studies of age-related changes in fixational saccades. Thus, a recent large-scale study on persons between the age of 4 and 66 years has shown a slight increase in saccade frequency during life (Port et al. 2015) , but fixational eye movements were detected using a test that in addition to fixation required pattern recognition which may be variable in small children, and the study was not considering fixational saccades with different amplitude. In other previous studies, the definition of fixational saccades has not been unanimous or has included manual elements (Aring et al. 2007; Nystr€ om et al. 2014 and Rucci 2015) . The present study was designed to circumvent these limitations. Fixational saccades can be defined as rapid changes in eye position (Hafed 2011) and are separated from tremor and drift movements on the basis of velocity and duration (Engbert & Mergenthaler 2006) and the presence of backshoots. Although fixational saccades can be considered to be binocular conjugate eye movements (Lord 1951; Collewijn et al. 1988; Møller et al. 2002; Engbert 2006; Nystr€ om & Holmqvist 2010; van Horn & Cullen 2012) , this restriction does not allow the quantification of saccadic eye movements in patients with monocular fixation pathologies such as amblyopia ( Shi et al. 2012) . Therefore, the algorithm was designed to detect monocular saccades in the studied normal children in order to act as a reference for future clinical studies of monocular visual development and ocular disease. Due to the ballistic nature of fixational saccades, the velocity is not constant during a movement, and we therefore considered the mean velocity of the movements as opposed to the peak velocity considered in other studies (Engbert & Mergenthaler 2006; Martinez-Conde et al. 2013) . The previously used approach of adapting the lower velocity threshold to the variable noise level in each test person (Engbert & Kliegl 2003) was avoided in order to allow comparisons between subjects. The cost may have been that the 0.05°p osition shift used as the lower limit for the definition of fixational saccades had disregarded movements from children in whom the variability was lower than average. On the other hand, the presence of back shoots was included in the definition of fixational saccades which may have eliminated false-positive movements (Møller et al. 2002 and Bettenb€ uhl et al. 2010) . Finally, the 0.3°position shift per frame used as the upper velocity limit to separate fixational saccades from movements associated with blinks or gaze-shift saccades was defined in accordance with previous studies (Martinez-Conde et al. 2009 and Nystr€ om et al. 2014) . Altogether, these criteria resulted in the detection of fixational saccades with a frequency of 1-2 per second which is similar to previously reported values (Møller et al. 2002) .
The positive correlation between amplitude and duration of fixational saccades confirms the findings of previous studies (Zuber et al. 1965; Engbert 2006) and indicates that the duration of the movements are kept below a certain limit probably reflecting the time of suppression of the visual input when fixation moves (Riggs et al. 1953) . The unimodal relation found between the number and the amplitude of fixational saccades confirms the findings of previous studies that the most frequent movements have amplitudes below 0.5° (Engbert & Mergenthaler 2006; Cherici et al. 2012) . The developed algorithm automatically characterized the curve describing the relation between number and amplitude by its maximum and the area under the curve representing the cumulated number of saccade movements. This gives a basis for the study of changes in these parameters in patients with impaired visual development and ocular disease. The lack of correlation between these measures and age in the studied children older than 5 years of age supports the notion that at in this age group, visual development has reached a level where fixational eye movements are stable (Gunton 2013) . A possible relation between age and fixational eye movements below this age is difficult to investigate because of difficulties in maintaining attention for a long enough time to carry out the examination. The results suggest that there is no need for age correction of the measures characterizing fixational saccades within the studied age group.
There is no unanimous agreement about which amplitude distinguishes fixational saccades from voluntary saccades (Collewijn & Kowler 2008; OteroMillan et al. 2008; Poletti & Rucci 2015) . It is notable that the correlation between age and the total number of saccades approached border line significance (p = 0.08), which may be due to the contribution of saccades with amplitudes larger than 1°that themselves showed a significant negative correlation with age. This confirms previous findings (Aring et al. 2007 ) and may potentially represent inattention with more erratic saccade movements in smaller children that are minimized when the child is reminded to look at the fixation target during the examination. Therefore, the findings suggest that saccades with these larger amplitudes are omitted from the analysis for the investigation of fixation patterns during visual development.
Altogether, the study has shown the potential of a technique for automatic analysis of fixational saccades for the study of fixation during visual development, but also in other conditions with visual impairment such as macular disease. The study confirms that although fixational saccades may show considerable interindividual variation, the occurrence of fixational saccades with amplitudes <1°shows no dependence on age that requires correction when studying normal visual development in children. However, in studies of visual development, it should be recommended to exclude fixational saccades with amplitudes larger than 1°.
